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Many breast cancers exhibit a degree of dependence on estrogen for tumor growth. Although several thera-
pies have been developed to treat individuals with estrogen-dependent breast cancers, some tumors show de
novo or acquired resistance, rendering them particularly elusive to current therapeutic strategies. Understand-
ing the mechanisms by which these cancers develop resistance would enable the development of new and
effective therapeutics. In order to determine mechanisms of escape from hormone dependence in estrogen
receptor—positive (ER-positive) breast cancer, we established 4 human breast cancer cell lines after long-term
estrogen deprivation (LTED). LTED cells showed variable changes in ER levels and sensitivity to 17p3-estradiol.
Proteomic profiling of LTED cells revealed increased phosphorylation of the mammalian target of rapamy-
cin (mTOR) substrates p70S6 kinase and p85S6 kinase as well as the PI3K substrate AKT. Inhibition of PI3K
and mTOR induced LTED cell apoptosis and prevented the emergence of hormone-independent cells. Using
reverse-phase protein microarrays, we identified a breast tumor protein signature of PI3K pathway activation
that predicted poor outcome after adjuvant endocrine therapy in patients. Our data suggest that upon adapta-
tion to hormone deprivation, breast cancer cells rely heavily on PI3K signaling. Our findings also imply that
acquired resistance to endocrine therapy in breast cancer may be abrogated by combination therapies target-

ing both ER and PI3K pathways.

Introduction
Two-thirds of breast cancers express estrogen receptor o (ER) and/
or progesterone receptor, which typically indicate a degree of estro-
gen dependence for growth. Treatment options for such patients
include endocrine therapies that inhibit ER signaling, either by
antagonizing ligand binding to ER (tamoxifen), downregulating ER
(fulvestrant), or blocking estrogen biosynthesis (aromatase inhibi-
tors [Als]). Although endocrine therapies have changed the natural
history of hormone-dependent breast cancer, many tumors exhibit
de novo or acquired resistance (1). The only mechanism of resistance
to endocrine therapy for which clinical data exist is overexpression of
the HER2 protooncogene (also known as ErbB2; refs. 2-4). Because
less than 10% of hormone receptor-positive breast cancers express
high HER2 levels (2), mechanisms of endocrine resistance remain to
be discovered for the majority of ER-positive breast cancers.
Models of Al-resistant breast cancer have been based primar-
ily on MCF-7 human breast cancer cells (5-7). To mimic the low
estrogen levels seen in Al-treated patients (8) and gain a broad per-
spective of mechanisms of acquired hormone-independent growth
common across several model systems, we generated long-term
estrogen-deprived (LTED) derivatives from a panel of 4 ER-positive
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breast cancer cell lines. Proteomic and gene expression profiling
identified amplification of the PI3K/AKT/mammalian target of
rapamycin (PI3K/AKT/mTOR) signaling pathway in LTED cells.
Studies with kinase inhibitors suggested that PI3K is required for
the adaptation of ER-positive cells to hormone deprivation. Fur-
thermore, PI3K pathway activation, as measured by reverse-phase
protein microarray analysis (RPPA) of primary tumors, predicted
poor recurrence-free survival after adjuvant endocrine therapy.

Results
Variable changes in estrogen sensitivity accompany acquired hormone-inde-
pendent cell growth. We generated MCF-7, HCC1428, MDA-361, and
ZR75-1 hormone-independent breast cancer cells after LTED in
culture. LTED cells outgrew their respective parental counterparts
under hormone-depleted conditions (10% dextran-charcoal-treat-
ed FBS [DCC-FBS]; Figure 1A). Prior reports on MCF-7/LTED cells
suggest that hormone-independent growth is driven by increased
ER expression and estrogen hypersensitivity (6, 9). We found that
MCF-7/LTED cells showed 17f-estradiol (E2) sensitivity similar
to that of parental controls in cell proliferation assays (Figure 1A).
HCC-1428/LTED cells showed decreased sensitivity to exogenous
E2 compared with parental controls, whereas ZR75-1/LTED and
MDA-361/LTED cells were essentially insensitive to E2. We then
determined whether such changes were reflected in ER transcrip-
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Figure 1

LTED cells exhibit PIBK/mTOR pathway hyperactivation and variable response to E2. (A) Cells were P-p70S6K _
treated with 10% DCC-FBS with or without 0—1,000 pM E2. Media and drugs were replenished every

2-3 days. Adherent cells were counted after 510 days. (B) Cells transfected with luciferase reporter R - B s

i A . . P70SEK e ey v e—
plasmids were treated as in A. Luciferase activities were measured after 16—20 hours. Data are pre-
sented as percent parental control (RLU, firefly/Renilla), mean of triplicates + SD, and were analyzed Actin _

using 2-way ANOVA. *P < 0.05, **P < 0.01 versus parental cells, Bonferroni post-hoc test corrected

for multiple comparisons. (C) Lysates from cells treated with 0%—10% DCC-FBS for 24 hours were P-AKT 1308 ooy

analyzed by immunoblotting with the indicated antibodies. (D) Lysates from cells treated with 1% P-AKT, ;= = - -
DCC-FBS for 24 hours were analyzed using antibody microarrays. Proteins/phosphoproteins altered . :
at least 1.4-fold in LTED/parental comparisons were compared for overlap, which revealed 16 pro- AKT m

teins/phosphoproteins commonly altered across all LTED lines.
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tional activity. MCF-7/LTED and HCC-1428/LTED cells were
hyperresponsive and/or hypersensitive to E2 in ER transcriptional
reporter assays, whereas ZR75-1/LTED and MDA-361/LTED cells
showed the opposite (Figure 1B). Such changes in ER transcrip-
tional activity were paralleled by changes in ER protein (Figure 1C)
and mRNA levels (data not shown). These results suggest that the
acquired hormone-independent growth of LTED cells may not be
consistently caused by estrogen hypersensitivity.

LTED cells exhibit increased PI3K/mTOR pathway activation. To
explore mechanisms driving acquired hormone-independent cell
growth, we interrogated lysates from LTED and parental cells using
microarrays containing 652 antibodies against signaling proteins/
phosphoproteins. The levels of 16 proteins/phosphoproteins were
commonly altered 1.4-fold or greater across all 4 LTED lines com-
pared with respective parental controls (Figure 1D). Levels of p70/
p8S ribosomal protein S6 kinase (referred to herein as p70S6K)
phosphorylated at amino acid T229, a site phosphorylated by
3'-phosphoinositide-dependent kinase 1 (PDK1), were increased
in all LTED lines. PDKI1 is activated by PI3K, and p70S6K phos-
phorylation at T229 requires prior phosphorylation at T389 by
target of rapamycin complex 1 (TORC1,; ref. 10), which is also
downstream of PI3K (11). These data suggested that PI3K/mTOR
signaling is increased in LTED cells. Indeed, immunoblot analysis
revealed that MCF-7/LTED, MDA-361/LTED, and HCC-1428/
LTED cells had increased levels of P-p70S6Krss9, and all LTED
lines had increased AKT phosphorylation at T308 and/or S473,
the PDK1 and TORC2 sites, respectively (Figure 1C).

We also used gene expression microarray analysis to identify sig-
naling pathways dysregulated in LTED cells. Sets of genes with
expression significantly altered between each pair of LTED and
parental cells (21.3-fold, FDR-adjusted P < 0.05) were compared.
Genes commonly dysregulated in all 4 LTED/parental compari-
sons were filtered for platform compatibility, and the resulting
35-gene set was used to query the Connectivity Map, a collection
of gene signatures induced by the treatment of cells with a panel
of 1,309 small molecules (12). Inhibition of PI3K or mTOR using
wortmannin or sirolimus, respectively, induced gene signatures
that were diametrically opposed to the 35-gene signature (Supple-
mental Figure 1; supplemental material available online with this
article; doi:10.1172/JCI41680DS1), which suggests that LTED
cells exhibit increased PI3K/mTOR signaling.

PI3K is commonly activated by receptor tyrosine kinase (RTK)
signaling. To explore which RTKs activate PI3K in LTED cells,
we applied cell lysates to immunocapture arrays that included
antibodies against 42 RTKs. Overall, cells showed predominant
tyrosine phosphorylation of ErbB family members (EGFR, HER2,
HER3, and HER4; Figure 2A) and receptors for insulin (InsR) and
insulin-like growth factor-I (IGF-IR). Notably, MCF-7/LTED
and ZR75-1/LTED cells showed increased P-IGF-IR and P-InsR,
and MDA-361/LTED cells showed increased P-EGFR, P-HER2,
P-HER3, and P-InsR. In combination with the data shown in Fig-
ure 1, these findings suggest that acquired hormone-independent
growth is associated with hyperactivation of the IGF-IR/InsR/
PI3K/mTOR pathway. IGF-IR hyperactivation has also been linked
with tamoxifen resistance in MCF-7 cells (13). Pathway analysis of
gene expression microarray profiles identified dysregulated IGF-
IR/InsR signaling in LTED cells. Sets of genes with expression sig-
nificantly altered between each pair of LTED and parental cells
(21.5-fold, FDR-adjusted P < 0.05) were evaluated using Ingenuity
Pathways Analysis to group gene products by biological function.
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The Journal of Clinical Investigation

htep://www.jci.org

Profiles from 3 LTED/parental comparisons showed significant
enrichment for genes encoding proteins implicated in IGF signal-
ing (Supplemental Figure 2).

The requirement of IGF-IR and InsR signaling for LTED cell
growth was confirmed using siRNA. Knockdown of either receptor
inhibited MCF-7, MCF-7/LTED, and ZR75-1/LTED cell growth,
and IGF-IR knockdown inhibited HCC-1428/LTED cell growth
(Supplemental Figure 3). We further determined that IGF-IR acti-
vation in primary human breast tumors was linked with resistance
to endocrine therapy. Through analysis of 64 ER-positive tumors by
RPPA for levels of phosphorylated and total IGF-IR3, we observed
a significant correlation between P-IGF-IRB/IGF-IRp ratio and
disease recurrence following endocrine therapy (median follow-up,
290 days; Cox proportional hazards [PH] model, P = 0.036; haz-
ard ratio, 1.705; 95% CI, 1.0073-2.8851). This P-IGF-IRP antibody
crossreacts with P-InsRf3, so we cannot rule out a role for InsR acti-
vation in this correlation. Patients were then dichotomized based
on P-IGF-IRB/IGF-IRP ratio. A high P-IGF-IRf/IGF-IRp ratio cor-
related with poor patient outcome (P = 0.053, log-rank test; Sup-
plemental Figure 3C), in agreement with previous findings linking
IGF-IR activation to poor survival in breast cancer (14).

Using a loss-of-function approach with pharmacological
inhibitors, we assessed which RTKs correlated with PI3K/mTOR
pathway activation, measuring P-AKTs473, P-p70S6Kr3g9, and
P-S6. Treatment with the IGF-IR/InsR kinase inhibitor AEW541
(Supplemental Figure 4A and ref. 15) decreased P-AKTs473 levels
in MCF-7, MCF-7/LTED, ZR75-1/LTED, and HCC-1428/LTED
cells (Figure 2B), which suggests that PI3K is mainly driven by
IGF-IR and/or InsR signaling in these cells. Treatment with the
EGFR/HER?2 kinase inhibitor lapatinib (which blocks EGFR- and
HER2-induced phosphorylation of HER3; Supplemental Figure
4B) decreased P-AKTs47; levels in MCF-7/LTED, MDA-361, and
MDA-361/LTED cells. Although treatment with RTK inhibitors
modestly decreased levels of P-p70S6Kr3g9 and P-S6, treatment
with the dual PI3K/mTOR inhibitor BEZ235 (16) drastically sup-
pressed P-AKTs473, P-p70S6Kr389, and P-S6 in all lines. Treatment
with the mTOR inhibitor RAD001 (17) decreased P-p70S6Kr3s9
and P-S6, but increased P-AKTsyz3, likely as a result of feedback
activation of PI3K (18). Therefore, concomitant inhibition of
PI3K/mTOR appears to more effectively suppress pathway signal-
ing than does blocking individual upstream RTKs or TORC1.

Acquired hormone-independent cell growth requires PI3K signaling.
We next analyzed the effects of pathway inhibition on LTED cell
growth and the acquisition of hormone independence. Treatment
with BEZ23S5 potently suppressed the growth of both LTED and
parental cells, whereas RAD001 treatment was modestly inhibi-
tory (Figure 2C). Treatment with RTK inhibitors reduced LTED
cell growth, and this effect correlated with the magnitude of inhi-
bition of P-AKTs473. AEWS541 treatment inhibited the hormone-
independent growth of LTED and parental MCF-7, ZR75-1,
and HCC-1428 cells, whereas lapatinib inhibited the growth of
MDA-361 and MDA-361/LTED cells but was less effective against
other cell lines. The combination of AEWS541 and lapatinib more
effectively inhibited growth of MCF-7/LTED, ZR75-1/LTED,
and HCC-1428/LTED lines than did either agent alone, which
suggests that ErbB and IGF-IR/InsR RTKs promote hormone-
independent cell growth. However, inhibition of both PI3K
(P-AKTs473) and mTOR (P-p70S6Kr3ge and P-S6) using BEZ235
(Figure 2B) most effectively suppressed growth (Figure 2C),
whereas inhibition of either PI3K (using RTK inhibitors) or
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PI3K pathway inhibition suppresses hormone-independent cell growth. (A) Phospho-RTK arrays were probed with lysates from cells treated with
10% DCC-FBS for 24 hours. Signal indicates tyrosine phosphorylation. Blots from each pair of lines are exposure-matched. RTKs are labeled
as follows: 1, EGFR; 2, HER2; 3, HERS; 4, HER4; 5, FGFR4; 6, InsR; 7, IGF-IR; 8, Dtk; 9, MSP-R; 10, EphA1; 11, ROR2; 12, FGFR3; 13, Tie-2;
14, EphA4. Corner spots are positive controls. (B) Immunoblot analysis of lysates from cells treated for 24 hours with 10% DCC-FBS and the
indicated kinase inhibitors using the indicated antibodies. (C) Cells were treated as in B. Media and drugs were replenished every 2—3 days.
Adherent cells were counted after 5-10 days. Data are presented as mean of triplicates + SD and were analyzed using 2-way ANOVA. *P < 0.05,
**P < 0.01 versus control (or as indicated by brackets), Bonferroni post-hoc test corrected for multiple comparisons.
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A tumor protein signature of PI3K activation predicts poor disease outcome following adjuvant endocrine therapy. (A) Lysates from 64 primary
human breast tumors were analyzed by RPPA using antibodies against P-AKTsa473, AKT, P-S6s240/244, P-GSK30/Bs21/9, GSK3a/B, EGFR, ER,
Src, and P-PKCasgs7. Log, mean-centered values were hierarchically clustered, which revealed PI3K-high (blue) and -low (red) tumor clusters.
(B) Kaplan-Meier recurrence curves of the clusters in A were compared by log-rank test. The number of patients at risk of recurrence at different

time points is noted below.

mTOR (using RAD001) was generally less effective. Similar phe-
nomena were observed in anchorage-independent colony forma-
tion assays (Supplemental Figure 5). These data suggest that inhi-
bition of both PI3K and mTOR is required for maximal inhibition
of hormone-independent cell growth.

To determine whether PI3K signaling is required for the acqui-
sition of hormone independence, parental cells were seeded at
low density and reselected for hormone-independent growth
in the presence of kinase inhibitors. BEZ235 treatment blocked
the emergence of hormone-independent cells in all lines (Supple-
mental Figure 6A). RADO0O1 treatment partially suppressed cell
2410
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growth, but residual adherent cells suggested a cytostatic effect.
Importantly, treatment with BEZ235 induced apoptosis in LTED
and parental MCF-7, ZR75-1, and MDA-361 cells, while RAD001
treatment induced apoptosis only in ZR75-1/LTED cells (Supple-
mental Figure 6B). These results suggest that PI3K inhibition
prevents the emergence of hormone-independent cells by induc-
ing cell death. Inhibiting PI3K activation with the RTK inhibitors
AEWS541 or lapatinib suppressed the emergence of hormone-inde-
pendent cells less effectively than did inhibiting PI3K directly with
BEZ235 (Supplemental Figure 6A), in parallel with the ability of
RTK inhibitors to partially block PI3K signaling (Figure 2B).
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A baseline protein signature of PI3K activation predicts poor outcome
after adjuvant endocrine therapy. Because hormone-independent cell
growth required PI3K signaling (Figure 2 and Supplemental Fig-
ures 5 and 6), and LTED cells showed PI3K pathway hyperactiva-
tion (Figure 1), we sought to determine whether the degree of PI3K
pathway activation is predictive of disease outcome following endo-
crine therapy. To comprehensively represent the activation status of
the PI3K pathway, we analyzed lysates from 64 hormone receptor-
positive primary breast tumors (same cohort as in Supplemental
Figure 2C) by RPPA using antibodies against known PI3K pathway
markers (P—AKTS473, AKT, P—565240/244, P-GSK3(1/B521/9, GSK30€/B,
EGFR, ER, Src, and P-PKCasesy). Hierarchical clustering of tumors
revealed 2 major clusters with relatively high and low levels of
PI3K pathway markers (Figure 3A). Notably, levels of PI3K path-
way markers and ER were inversely correlated. We then generated
Kaplan-Meier recurrence curves of the 2 patient clusters. Whereas
0 of 21 patients with PI3K-low tumors relapsed within the time of
follow-up, 11 of 43 (26%) patients with PI3K-high tumors showed
disease recurrence (P < 0.05, log-rank test; Figure 3B). In the univar-
iate Cox PH model, the PI3K cluster effect was significantly associ-
ated with recurrence-free survival (P < 0.01). Therefore, this protein
signature of PI3K pathway activation is predictive of poor disease
outcome following adjuvant endocrine therapy. In a multivariate
analysis, clinical stage accounted for much of the information pro-
vided by the PI3K cluster effect. Shorter recurrence-free survival was
independently associated with increased clinical stage (P < 0.05), in
agreement with prior reports correlating PI3K pathway alterations
(i.e., PTEN loss and HER2 overexpression) with tumor stage (19,
20). There was no association between recurrence-free survival and
type of endocrine therapy, use of adjuvant chemotherapy, age, or
nuclear grade by multivariate analysis.

Discussion

Herein, we identified PI3K as a critical hub in the emergence and
maintenance of hormone-independent, ER-positive breast cancer
cells. We found that acquired hormone-independent (i.e., LTED)
breast cancer cell growth was associated with hyperactivation of
the IGF-IR/InsR/PI3K/mTOR pathway. Direct inhibition of PI3K
effectively suppressed the hormone-independent growth of both
estrogen-independent and -dependent cells, whereas inhibition of
nodes upstream (RTKs) and downstream (mTOR) of PI3K only
partially blocked cell growth. In support of these findings, we
identified a protein signature of PI3K pathway activation that was
predictive of poor disease outcome following adjuvant endocrine
therapy in breast cancer patients.

Although prior reports indicate that MCF-7 cells selected for
hormone independence exhibit hypersensitivity to exogenous
E2 (6, 9), we found no such change in MCF-7/LTED cells. The 3
other LTED lines showed an attenuated response to E2 in growth
assays (Figure 1). In ER transcriptional reporter assays, MCF-7/
LTED and HCC-1428/LTED cells showed hyperresponsiveness to
E2, whereas the other 2 LTED lines showed the opposite. Such
changes in ER transcriptional activity were paralleled by changes
in ER levels, which suggests that ER content may be a marker of
estrogen sensitivity. Indeed, increased ER levels in breast cancer
cells have previously been linked with improved patient outcome
following endocrine therapy (21-23). Additionally, decreased ER
levels following therapy with tamoxifen or Als have been shown
to predict shorter time to recurrence (24, 25). Importantly, 3 of
4 LTED lines remained ER positive and sensitive to nanomolar
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concentrations of E2 (Figure 1A), which suggests that cessation of
estrogen deprivation with an Al in patients who progress on this
therapy may not always be warranted. Discontinuation of an Al
would result in resumption of estrogen production, stimulation
of hormone-independent but still hormone-responsive cancer, and
protection from an alternative therapy.

We and others previously found that activation of the PI3K
pathway (by PTEN knockdown or HER2 overexpression) promotes
antiestrogen resistance and hormone independence in ER-positive
breast cancer cells (26, 27). Herein, we report that intrinsic PI3K
signaling was required for the acquisition and maintenance of hor-
mone independence. These findings corroborate the observation
that mice bearing MCF-7/aromatase xenografts resistant to the Al
letrozole showed modestly inhibited tumor growth when treated
with the PI3K inhibitor wortmannin (28). Moreover, treatment of
MCF-7 and MCF-7/LTED cells with the Ras inhibitor farnesyl-
thiosalicylic acid decreased mTOR signaling and hormone-inde-
pendent growth (29). We found that RAD001 treatment blocked
TORC]1, but feedback activation of PI3K/AKT (Figure 2B) likely
hampered its ability to completely inhibit hormone-independent
cell growth (Figure 2C and Supplemental Figures 5 and 6). In sup-
port of these findings, neoadjuvant treatment of patients bearing
ER-positive tumors with letrozole and RAD001 decreased the frac-
tion of Ki67-positive tumor cells and induced clinical responses
more effectively than did letrozole alone (30). Interestingly, neo-
adjuvant therapy with letrozole decreased tumor levels of PI3K,
P-AKTs473, and P-mTORs;448. Because reductions in P-AKTs473 and
P-mTORs;44s correlate with better response rates and outcome
(31), we speculate that estrogen deprivation may suppress cell
growth in part by decreasing PI3K signaling.

Treatment with the PI3K/mTOR inhibitor BEZ235 inhibited
growth of all cell lines and induced apoptosis in 3 of 4 LTED and
3 of 4 parental cell lines, thereby preventing the emergence of hor-
mone-independent cells (Figure 2C and Supplemental Figures 5
and 6). Notably, the 3 parental/LTED cell line pairs most sensi-
tive to BEZ235 were MCF-7, MDA-361, and ZR75-1, which harbor
mutations in PIK3CA (MCF-7 and MDA-361) or PTEN (ZR75-1;
ref. 32) or gene amplification of HER2 (MDA-361). These muta-
tions result in hyperactivation of the PI3K pathway (33) and confer
sensitivity to PI3K and AKT inhibitors (34-36). HCC-1428 cells,
which were growth arrested by BEZ235 but did not undergo apop-
tosis, have no known PI3K pathway mutations. These data suggest
that PI3K pathway-activating mutations may generate dependence
on this pathway for cell survival. However, PIK3CA mutations and
disease outcome following endocrine therapy are not consistently
correlated (30, 37-39), which suggests that alternative measure-
ments of PI3K pathway activation as shown herein (Figure 3) may
provide additional predictive information.

In summary, our findings suggest that patients with hormone
receptor-positive tumors exhibiting a high degree of PI3K signal-
ing, and patients who relapse on endocrine therapy, may benefit
from therapeutics targeting both the ER and the PI3K pathways.
Although directly targeting PI3K and mTOR maximally inhibited
hormone-independent cell growth and induced apoptosis, inhi-
bition of signaling kinases upstream (IGF-IR/InsR/ErbBs) and
downstream (mTOR) of PI3K also had partial inhibitory effects.
Additionally, inhibition of PI3K prevented the emergence of hor-
mone-independent cells, which suggests that early intervention with
combined endocrine and PI3K-directed therapies could limit escape
from antiestrogens in patients with ER-positive breast cancer.
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Methods

Cell lines. MCF-7, ZR75-1, MDA-361, and HCC-1428 cells (ATCC) were
maintained in improved modified Eagle medium (IMEM) with 10% FBS
(Invitrogen). LTED cells were generated through culture in phenol red-free
IMEM with 10% DCC-FBS (Hyclone; contains <0.0367 pM E2) for 3, 3,
7,and 7 months, respectively. Cells were defined as LTED when sustain-
able cell populations emerged that outgrew parental cells under hormone-
depleted conditions.

Cell proliferation assays. Cells seeded in triplicate in 12-well plates (2.5 x 10*
cells/well for MCF-7 lines; 4 x 10* cells/well for other lines) were treated
with 10% DCC-FBS with or without 0-1 nM E2, 200 nM BEZ235 (16),
1 uM AEW541 (15), 20 nM RADOO1 (ref. 17, all provided by Novartis),
or 1 uM lapatinib ditosylate (GW-572016; LC Laboratories). Media and
inhibitors were replenished every 2-3 days, and after 5-10 days, cells were
trypsinized and counted using a Coulter counter.

ER transcriptional reporter assay. Cells were plated as above and transfected
with pGLB-MERE (encodes estrogen response element-regulated Firefly
luciferase) and pCMV-Renilla (encodes CMV-driven Renilla luciferase;
Promega) plasmids. Cells were then treated as above, and luciferase activi-
ties were measured 16-20 hours later as described previously (40).

Antibody microarray analysis. Cells were treated for 24 hours with 1% DCC-
FBS. Protein lysates were quantitated using BCA assay (Pierce). Lysates from
LTED and parental cell line pairs were labeled with different fluorescent
dyes, mixed at a 1:1 ratio, and used to probe immunocapture microarrays
containing antibodies against 652 antigens in duplicate (see Supplemen-
tal Methods for details). LTEDean protein levels were considered different
from parentalmean levels when fold change was 1.4 or greater.

Immunoblotting and RTK arrays. Cells were treated as indicated, then
lysed in NP-40 buffer plus protease and phosphatase inhibitors, sonicated
for 10 seconds, and centrifuged at 18,000 g for 10 minutes. Protein was
quantitated as described above. Lysates were analyzed by immunoblotting
using antibodies against ERa, p70S6K (Santa Cruz Biotechnology), AKT,
P-AKTs473, P-AKT 1308, P-p70S6K1389, P-S65240/244 (Cell Signaling), and actin
(Sigma-Aldrich). Phospho-RTK arrays were performed according to the
manufacturer’s protocol (R&D Systems).

RPPA. We obtained 64 hormone receptor-positive primary breast tumor
samples, collected under IRB-approved protocols, from the M.D. Anderson
Cancer Center Breast Tissue Frozen Tumor Bank. Patients prospectively
provided informed consent for the study before tissue collection. Details

of patient therapy and tumor protein analysis using antibodies against
P-IGF-IRBy113s/1136 (cross-reacts with P-InsRfyi1131), IGF-IRB, P-AKTs473,
AKT, P-S65s340/244, P-GSK30/Bs21/9 (Cell Signaling), GSK3a./f, EGFR (Santa
Cruz), ER (Lab Vision), Src, and P-PKCases7 (Upstate) are provided in Sup-
plemental Methods and ref. 41. Data were hierarchically clustered, and
Kaplan-Meier recurrence curves for each patient cluster were compared
using log-rank testing. Cox PH univariate regression was used to assess
the association of cluster effect with recurrence-free survival. Multivariate
analysis included clinical stage, type of endocrine therapy, adjuvant chemo-
therapy, age, and nuclear grade.

Statistics. In cell proliferation and ER transcriptional reporter assays,
significant differences were determined by 2-way ANOVA and Bonferroni
post-hoc tests adjusted for multiple comparisons. A P value less than 0.05
was considered significant.
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